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FIELD OF THE. INVENTION 
This invention relates to a device .including an array of 
electro^aeoustic transducers capable of receiving a multi- 
channel audio input signal and to produce independently 
steerable and foeusable beams of audible sound, at a level 
suitable for home entertainment or professional sound 
reproduction applications . More specifically, the invention 
relates to the methods and systems for configuring such a 
device. 
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BACKGROUND OP THE INVENTION 



The commonly-owned International, 
0123104 and WO-02078388 desj 
their use to achieve a 
methods and apparatus ft 



Lcations no. WO- 
jinsducers and 
scribe 
pplicating 
Licas before 

routing hiem/to respective output transducers sue/ that a 
desired/soui/d field i(s created. jpre sound field' may comprise 
a directed, s^e^abl^bea^i^rocussed beam or ^a^simulated 
origin! The methods and apparatus of the^above and other 
related^applications is referred to ^UTthe following as »sound 
pr oj ector " technology . 



it a number of times 



35 



Conventional suxxound-sound is generated by placing 
loudspeaker at the appropriate position surrounding the 
listener's position or "sweet-spot". Typically, a surround- 
sound system employs a left, centre and right speaker located ' 
in the front halfspace and two rear speakers in the rear 
halfspace. The terms "front", M.eft*, "centre", "right* and 
"rear" are used relative to the listener's position and 
orientation. 
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correlation is calculated by adding the absolute value, of the 
convolved signal at each repeat of the sequence, to improve 
the signal-to-noise ratio. 

The above impulse measurement is performed for several 
different transducers in the array of the sound projector, 
using multiple sufficiently uncorrected sentences can shorten 

the time for these measurements. With such^se^ces^, is 

possible to measure the impulse response from more thai* - 

transducer ^iSnuitaneoUBly. 




micl 
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In to Mt the foUowing algorithms, a liatening room 

Z. set up with a H* 5a DSP and an omnidiractional microphone 
£ roughly (4=0; 0 = 0.- 0 = 6,. and six repeats of a maximum 
length segu-nces <«LS) o£ 3-18-1 hit. was .ant at 4SxHz to 
individual transducers hv selecting them f ™ *. ' "T™" 
dismay. Transducers 0, 9. 33 . 57. 66. 90. 114, 123. 133 153 
153 219, and 252 „ere uaad (13 In all) of the 256 t»«sdu=y 
array o£ tha aound prodactor. forcing a roughly evenly sp^ed 
grid across tha surface of tha PSr including transducer* at 
~ ctreme- poaition, auoh aa the centra or the «*J^*V 

response was recorded to 46KHZ ««^»t files for 

analysis . 

s ■ -t t«t q was convolved with the response 
The time-reversed original MLS was convolve 

from each transducer in turn and the resulting impulse 
reB ponse normalized by finding the first ma^or pea* ^ 
(corresponding to the direct path) and shifting the time 
origin S o Uus peaK .as at t . 0, then scaling so 
^ t ^ maximum d^ulse had height 1. The time shift 
alleviates the need to accurately synchronize the signal* . 

A segment of the impulse response of transducer 0 (in the t^ 
lef™r of the array) is shown in m. *h* 
h relative strength of the reflected signal relate to the 
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FIG. 
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a surround- sound system decodes the input audio information ■ 
and uses the decoded information to distribute the signal 
among different channels with each channel usually being 
emitted through one or loudspeaker or combination of two 
speakers. 

In the commonly- owned published international patent 
applications no. WO- 012 3 104 and WO- 02 07 83 88 the sound 
projector generates the surround- sound environment by emitting 
beams of sound each representing one of the above channels and 
reflecting such beams from surfaces such as ceiling and walls 
back to the listener. The listener perceives the sound beam as 
if emitted from an acoustic mirror image of a source located 
at or behind the spot where the last refection took place. 

Whereas Sound Projector systems that use the reflections of 
acoustic bsams can be installed by trained installers and 
closely guided users, there remains a desire to facilitate the 
set-up procedure for less- trained personnel or the average end 
user. 

The problems associated with the setting up of a sound 
projector are not related to certain known methods alining at 
partial or total wavefield reconstruction. In the latter 
methods, it is attempted to record a full wavefield at the 
listener's position. For reproduction a number of loudspeakers 
are controlled in a manner that closest approximates the 
desired wavefield at the desired position. Even though these 
methods are inherently recording reflections from the various 
reflectors in a room or concert hall, no attempt is made to 
infer from these recordings control parameters for a sound 
projector. In essence, the wavefield reconstruction methods 
are "ignorant" as to the actual room geometry and therefore 
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modeled toy a. point in space and is -at 
OJflet:L - anaeI ' the ^.asranfLic^ that tbo 
ss planar, tl>e system can toe thought off 

^oplwne -images- in Kpao, witl, ench ima ae 
:fetfe.ih sound patk t y-om the t ransdt i 

The Ejpeed of soun<3 c i,E. - ^^ B ™ed to be 
C - «»rovisrHout. so dlStonces ana travel- 
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At «, listening, cli utullc „ tJ f 3m, the effects of cnrvsture of the 
hyperboloid nre "'^^ibl" over the available t ^g«= of" yi and 
= i .and it can toe considered, either planar or hyperbcloidal 

To me., a „^e a im^ulno T-nm^nao, a. ainsfi. transducer is driv 

with, a toiown alQiUil . Fo,r escample five . TO r- at a of a 

lengrtb ^sequeixoe o J 3~ia- 1 hits. A t a sampling 
thia^--ssgnence lasts S.ae ncconcio . 

^ooirdicig i Q taken using the omiidireational nicrophxme 
Lthin en- listening « e<f -., - Tha recording is then filtered toy 
"^^-"ET it with the ti« e .r««r«ea original serenes and th> 
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not: applicabla to Cbs control problem tuidsrlying the present 
invention - 

suMeou^mr of thce nffvrjwriow 

The present invention pEoposes the use O fL one or a combination 
o£ two oz mora of the following methods to £ac il itate the 
insta.ils.tion of a. sound projector: 

JV first approach is use a Bet— «p giiide in form of en 
elactronic modiiim Bucb as CIJRQH or or printed manual 

manual * preferably supported toy a video display . The ™aer is 
asked a series of Questions, ine luding details of = 

— Tbe mounting; position of the soTnad pxrojooto^ ; 

— The shape dimensions oE the room? or 

— The d_LE tance to the X i sterling position from the sound 
projector . 

This can either toe done through a. series of open Questions, as 
system. or toy offering- a limit eel choice o£ lilcely 
tog-ether with illust rat ions to aid 
clsri ty - 

From this i-iiforinot ion, a few beam directions for each channel 
osn he pre— selected anfl stored., for example in form, of a list. 
The r.oontl projector system can then produce short buists of 
band- 1 imited noise, overling repeatedly through esoh of these 
directions - For each. direction t»e user is then asked to 
colect a tsubjectival best beam direction. for exajnple! toy 
activating a button. Thie step can be repeated. iteratd.veXy to 
refine the choice - 

Without malting nse of a microphone. the user might th,=n be 
asked to select from a menu the type of surface on each well 
and on the ceiling. This selection, together with the steering 
angles as established in the previous step. conlcl be used, to 

~ 3 _ loflSa!lg^^m^3.P2 :S3 I 
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derive an approximate equalisation curve. Delay and level 
matching between channels could be performed using a similar 
iterative method. 

In variantB of the above method where a microphone is used 
attached to an input socket of the sound projector, a more 
automated approach can be taken. With an omni-directional 
microphone positioned at the main listening position, the 
impulse response can be measured automatically for a large 
number of beam angles, and a set of local optima, at which 
there are clear, loud reflections, can be found. This list can 
be refined by making further automated measurements with the 
microphone positioned in other parts of the listening area. 
Thereafter the best beam angles may be assigned to each 
channel either by asking the user to specify the direction 
from which each beam appears to come, or by asking questions 
about the geometry and deducing the beam paths . Asking the 
user some preliminary questions before taking measiir omenta 
will allow the search area, and hence time, to be reduced. 

A faster, automated approach includes the step of measuring 
the impulse responses between a number of single transducers 
on the panel and a microphone at the listening position. By 
decomposing the measured impulse responses into individual 
reflections and using a fuzzy clustering or other suitable 
algorithm, it is possible to deduce the position and 
orientation of the key reflective surfaces in the room, 
including the ceiling and side walls. The position of the 
microphone (and hence the listening position) relative to the 
Sound Projector can also be found accurately and 
automatically. 

These and other aspects of inventions will be apparent from 
the following detailed description of non- limitative examples 
and drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
MG. l is a schematic drawing of a typical set-up of a sound 
projector system in accordance with the present 
5 invention; 

PIG. 2 is a graph showing registered responses to a signal 

emitted by a transducer of the sound projector system; 



FIG. 3 is a modeled impulse response for a idealized 



room; 



FIG. 4 shows results of cluster analysis performed on 

registered responses to signals emitted from different 
transducers of the sound projector system; 

FIG. 5 summarizes the general steps of a method in accordance 
with the invention. 

DETAILED DESCRIPTION 

The present invention is best illustrates in connection with a 
digital sound projector as described in the co-owned 
applications no. WO-0123104 and WO-0207B3B8. 

Referring to FIG.l, a digital loudspeaker system or sound 
prcjector 10 includes an array of transducers or loudspeakers 
11 that is controlled such that audio input signals are 
endtted as a beam or beams of sound 12-1, i 2 -2. The beams of 
sound 12-1, 12-2 can be directed into - within limits - 
arbitrary directions within the half-space in front of the 
array. By making use of carefully chosen reflection paths, a 
listener 13 wili perceive a sound beam emitted by the array as 
if originating from the location of its last reflection or - 
more precisely- from an image of the array as reflected by the 
wall, not unlike a mirror image. 
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In FiG. l, two sound beams 12-1 and la-2 are shown. The first 
beam 12-1 is directed onto a sidewall 161, which may be part 
of a room, and reflected in the direction of the listener 13. 
The listener perceives this beam as originating from an image 
of the array located at, behind or in front of the reflection 
spot 17, thus from the right. The second beam 12-2, indicated 
by dashed lines, undergoes two reflections before reaching the 
listener 13, However, as the last reflection happens in a rear 
corner, the listener will perceive the sound as if emitted 
from a source behind him or her. 

Whilst there are many uses to which a sound projector could be 
put, it is particularly advantageous in replacing conventional 
surround- sound systems employing several separate loudspeakers 
placed at different locations around a listener's position. 
The digital sound projector, by generating beams for each 
channel of the surround-sound audio signal -and steering those 
beams into the appropriate directions, creates a true 
surround-sound at the listener position without further 
loudspeakers or additional wiring. 

The components of a digital sound projector system are 
described in the above referenced published international 
patent applications no. wo-0123104 aud WO-02078388 and, hence, 
reference is made to those applications. 

In the following the steps leading to the automated 
identification of reflecting surfaces, such as side-wall 161 
in FIG.l, in a room with a sound projector. 

For the subsequent method it is assumed that t 1 ?? sound 
projector is centred on the origin and lies in the yz plane 
where the positive y axis points to the listeners' right and 
the positive z axis points upwards; the positive x axis points 
towards the listeners. 



- 6 



OILZ dM 0 I d s n 



esessoeeoi xvd e^=9T nm eo/so/io 



ES-90:(ss-ww) NOIlVana * 6SE580£E0Z:aiSO * miOlZ SiNQ * SZ/S-daXdl-OldSfraAS » [awil pjepireis ujajsei] |Ald Wl£-Z 600J/8/I. IV QAOH » Sl/l I. lOVd 



1T-JPN-E003 14:49 FR0M:1 LIMITED 01523 425291 



TO: 301S3;i814444 



traVel PaUl len9rth as calculated from the arrival tW 
Several peaks (aWe _ 20 ^ are identifiable ^ ^ 

for example the peaka at Q ^ ^ ^ ^ ^ ^ 

Before attempting to associate these peaks wit > reflectors in 
* room, a model of a perfectly reflecting room is illustrated 
in PIG. 3. 
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*™ 3 is a graph of the perfect' impulse response of a room 
wxth walls 2.5m either side of the sound projector, a rear 
wall 8m in front of it and a ceiling l. 5m above it, as heard 
from a point at (4; 0; 0) . As the signal is reflected from 
reflecting surfaces the microphone measures an refection image 
of that surface in accordance with the path or delay values 
from equations [1] or f 2J . *he direct path and reflections 
from the ceiling correspond to the first two surface images 
311,, 312, and the next four intermingled arrivals 313 
correspond to the reflections from the sidewalls with and 
wxthcut the celling, respectively. Other later arrivals 314, 
313 represent reflections from the rear wall or multiple 
reflections . 



25 



Osing the model of .PIG. 3 , a plausible interpretation of some 
of the major peaks of FIG. 2 can be given. Table 1 below lists 
these interpretations. 



30 



TABLE 1. 

Pi stance fan) 

0 

0.4 

1.2 

3.0, 3.7, 4.4 



35 



Likely source 

Direct path from transducer to 
microphone 

Reaction from coffee table 
Reaction from ceiling 

Reaction from side walls with/without 
celling. 
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This method has a number of advantages. Firstly, the algorithm 
never rune with fewer than c - 1 clusters, so the wait for 
extraneous prototypes to be deleted is minimized. Secondly, 
the starting point of each run is better than a randomly 
chosen one. since c - 1 of the clusters have been found and 
the remaining data belongs to the remaining prototype (s) . 

PIG. 4 shows the results of applying the incremental RFCV 
algorithm on the second precluster of FIG. 2 using c = 1 (pig. 
4A) and c= 2. _ 5 (figs- 4b, respectively.)- In the case 

of e=3 (FIG, 4C) the method converges onto an artifact. As the 
number of clusters is further increased to c=4 and c==5 (FiGa. 
4D, E) this cluster disappears and the four correctly 
recognized reflectors are recognized in the data. Wo further 
cluster is identified. The clusters are indicated by planes 
413 drawn into the data space, which in turn is indicated by 
black dots 400 representing the impulse response of 1=he 
microphone to the emitted sequences. 

As in an automated set-up procedure the microphone position 
may be an unknown, any cluBter identified according to the 
steps above, can be used to s olve with s tandard algebraic 
methods equation [j^^nTthTmicrophone"^^ , ymic 

and. 

\ 



With the microphoa^o^xlrfroa^d the distance and orientati 
° f ^^E^g^fe traastoac^i^Jpay enough ^ Tgr^j-w is 
kn own about th^Tr oom configuration^ to' direct baaiiu at LL» 
listen 



fronr 



angl 



the path of the^acousj 
each microphone image. 



tgSal 



. Uhls is done be reversing 
and directing a sound beam at 
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However, it is necessary to deduce the direction from 
appears to arrive /ft the listener. 

One way of making this deduction is to decide which walls the 
beam is being reflected in order -to arrive at the microphone. 
If this decision is to be made automatically then it can be 
for most cases assumed that the walis are all flat and 
reflective over their whole surfaces. This implicitly means 
that the secondary reflection of surfaces A and B arrives at/ 
the microphone later than the primary reflected signals 
surface A and from surface B, which permits the follow^ 
algorithm: 



by initializing an empty list of wa 




1. St 



2. Take each microphoiio i«iuyu""In order of their distances /fcrom 
the DSP and search through all combinations of walls in yOie 
list to see if any composition of reflections in thojse' walls 
could result in the microphone image being in th«f right place. 






iribination does no 



ist then this microphone 



25 



image is formed by a primary reflection in an as-yet- 
undiscovered wall. This wall is the perpendicular bisector of 
the line segment from the microphone image to the real 
microphone. Add the new wall to the list. 



A more robust way of comprises the use of multiple microphones 
or one microphone positioned at two or more different 
locations during the measurement and determine the perceived 
30 beam direction directly. 

Using an arrangement with 4 microphones in a tetrahedral 
arrangement and after having determined the positions of 
images of each of the microphones individually they can be 
35 grouped into images of the original tetrahedron which will 
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fully specify the perceived beam direction. If the walls are 
planar then the transformation mapping the real tetrahedron to 
its image will be an lsometry and its inverse eqruivalently 
mape the sound projector to its p WC eived position from the 
listener's point of view. 

Using, less than four microphones results in an increase of 
uncertainty in the direction of the arrival. However in some 

case it is possible to use reasonable constraints, for 
example, such as that wall are vertical etc, to reduce this 

uncertainty . 

The problem of scanning for a microphone image is a 2- 
dimensional search problem. it «IZiji be led cee d fe e fcw o--^ 
con S ecutW^ di mens i onal i niWU .U i yiobW us lJtg^ae^aeam^ 
projectors^Sbz-iiLj iu generate vir^s^beaaCJJaTarexss . For 
example it is feaBible^toj ^ary^baam shape "tb^ ta ll, 
narrow shape jspa^sca^^ then u sV? 

standard pois*fe- # o ci i Bed ^am _Ja^ssan_jrgrtically . 



With a normal point-focused beam the wavefront of the impulse 
is designeWo be spherical, centered on the focal point. If 
the sphere w^replaced with an ellipsoid, stretched in the 
vertical oirectiwi-^ien^ie beam will become defbcused in^ 
25 vertical direction and f^T^^-^^r^, ^ nv r 

Alternatively, it is possible to form a tall narrow ^am by 
using two beams focused at two points in space above one 
another and the same distance away from the sound projector, 
■Phis is due to the abrupt change of phase between sidelobes 
and the large size of the main beam in comparison with the 
sidelobes. 

The general steps of the above-described method are summarized 
35 in pig. 5> 
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CLAIMS 
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5. 

30 

6. 

35 



A set-up method for a loudspeaker system capable of 
generating at least one directed beam of audio sound, 
comprising the. steps of 

- emitting a series of signals from the loudspeaker 
system into a room, including a listener's position; ; 

- registering said series and its reflections at one or 
more locations within said room; 

- evaluating said registered series to determine a first 
set of values for directing parameters for said beam; 
and 

- using said directing parameters to direct said beam 
into the desired direction. 

The method of claim 1 wherein the series of signals are 
emitted from less than the full number of electro- 
acoustic transducers in the loudspeaker system. 

The method of claim 1 wherein the series of signals are 
emitted from single electro-acoustic transducers in the 
loudspeaker system. 

The method of claim 3 wherein different series of signals 
are simultaneously emitted from different electro- 
acoustic transducers. 

The method of claim 4 wherein the different electro- 
acoustic transducers are located at an edge position 
and/or the centre. of the transducer array. 

The method of claim 1 wherein the series of signals are 
emitted as spatially-constrained beams of sound to a 
range of directions. 
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